contrast by selectively relaxing the water molecules near the complex. There is a desire to improve the sensitivity (relaxivity) of these contrast agents in order to detect molecular targets. Caravan 10 described the molecular factors that contribute to relaxivity and illustrates with recent examples how these can be optimized.
High resolution liquid state NMR is a powerful technique for in vitro studies of structure and dynamics of soluble biological macromolecules under physiological conditions. The unique combination of atomically resolved structural data with both local and global dynamic features covering the entire range of time scales from picoseconds to seconds makes NMR the method of choice in a very diverse and rapidly growing array of biochemical, biomedical, and pharmaceutical applications. Stangler et al. 11 reviewed advances in high resolution liquid NMR. There is growing evidence that structural flexibility plays a central role in the function of protein molecules. Many of the experimental data come from NMR, a technique that allows internal motions to be probed with exquisite time and spatial resolution. Recent methodological advancements in NMR have extended the ability to characterize protein dynamics and promise to shed new light on the mechanisms by which these molecules function.
Woods et al. 12 reviewed the fundamental aspects of a new class of contrast media for MRI based upon the chemical shift saturation transfer (CEST) mechanism. Several paramagnetic versions called PARACEST agents have shown utility as responsive agents for reporting physiological or metabolic information by MRI. It is shown that basic NMR exchange theory can be used to predict how parameters such as chemical shift, bound water lifetimes, and relaxation rates can be optimized to maximize the sensitivity of PARACEST agents.
General, physical and experimental aspects of nuclear spin relaxation 2.1 General aspects
The effect of the magnetic field generated by the nuclear magnetization itself is generally neglected in NMR experiments since it is intrinsically weak and the net field produced by summing over the contributions of all the magnetizations in the sample often averages to zero. However, when the magnetization is spatially modulated, for example, by the application of magnetic-field gradients, the field no longer averages to zero and in highly polarized samples, the resulting dipolar field can significantly perturb the evolution of the magnetization. Deville et al. 13 were the first to describe the occurrence of such effects in NMR experiments. In the early 1990s as high-field magnets became available it was shown that they could also be observed in liquids at room temperature. 14 At a similar time, the presence of unexpected crosspeaks in two-dimensional (2D) spectra, corresponding to coherences between independent molecules in solution, was reported. 15, 16 In particular it was shown that crosspeaks occurred in spectra produced using the correlated, two-dimensional spectroscopy (COSY) revamped by asymmetric z-gradient echo detection (CRAZED) sequence, when the area of the second gradient pulse is a multiple of the area of the first pulse, with crosspeaks being largest for a 1:2 ratio of areas. These intermolecular multiple quantum coherences (iMQCs) were explained using a quantum-mechanical approach in which higher-order terms in the expansion of the equilibrium density matrix are retained and the effect of the dipole-dipole interaction between all spins is included in the Hamiltonian. 15 The unexpected crosspeaks can also be explained via consideration of the effect of the DDF generated by the magnetization of one spin component on the evolution of magnetization of another spin component. In the recent years, it has been shown that these quantum and classical ''pictures'' produce consistent predictions. 17 Marques et al. 18 used the classical approach since it allows more straightforward introduction of the effects of diffusion and relaxation. The authors carried out experiments at magnetic-field strengths of 9.4, 14.1, and 17.6 T to explore the Nucl. Magn. Reson., 2007, 36, 170-195 | 171 evolution of intermolecular multiple quantum coherences in the nonlinear regime where the system evolves for times that are much greater than the characteristic time of action of the long-range dipolar field, t d . The results show the expected Bessel function form of the recorded signal as a function of time of evolution, with evident zeros and sign changes.
Although the theories and potential applications of intermolecular multiplequantum coherences (iMQCs) have been under active investigations for over a decade, discussion of iMQC NMR signal formation was mainly confined in the time domain. Zheng et al. 19 developed a full line-shape theory to describe iMQC signals in the frequency domain. Relevant features of the line shape, such as peak height, linewidth, and phase, were investigated in detail. Predictions based on the theory agree well with experimental and simulated results. Since radiation-damping effects always couple with iMQCs in highly polarized liquid-state NMR systems, and strongly radiation-damped signals have many spectral characteristics similar to those of iMQCs, a detailed comparison was also made between them from different spectral aspects. Bouchard and Warren 20 introduced a method for non-invasively mapping fiber orientation in materials and biological tissues using intermolecular multiple-quantum coherences. The nuclear magnetic dipole field of water molecules is configured by a CRAZED sequence to encode spatial distributions of material heterogeneities. Experiments in structured media confirm the structural sensitivity. This technique can probe length scales not accessible by conventional MRI and diffusion tensor imaging.
Recovering the relaxation-time density function (or distribution) from NMR decay records requires inverting a Laplace transform based on noisy data, an illposed inverse problem. An important objective in the face of the consequent ambiguity in the solutions is to establish what reliable information is contained in the measurements. To this end Parker and Song 21 described how upper and lower bounds on linear functionals of the density function, and ratios of linear functionals, can be calculated using optimization theory.
Knowledge of the effective rotational correlation times, t c , for the modulation of anisotropic spin-spin interactions in macromolecules subject to Brownian motion in solution is of key interest for the practice of NMR spectroscopy in structural biology. The value of t c enables an estimate of the NMR spin relaxation rates, and indicates possible aggregation of the macromolecular species. Lee et al. 22 reported a novel NMR pulse scheme, [ 15 
N,
1 H]-TRACT, which is based on transverse relaxation-optimized spectroscopy and permits to determine t c for 15 N-1 H bonds without interference from dipole-dipole coupling of the amide proton with remote protons. Solvent-localized NMR (SOLO) is a new method which allows the separation of NMR spectra of substances dissolved in different solvents. It uses the selective homogenized pulse sequence to produce a two-dimensional NMR spectrum resulting from intermolecular zero-quantum coherences in one distinct solvent. Faber 23 demonstrated the method for the solvents water and DMSO on a length scale of 0.5 mm. Because signal in the spectra is refocused locally, SOLO is insensitive to variations in the magnetic field which may result from inhomogeneities or structures in the sample. This makes applications in strongly structured samples possible. SOLO is the first method that achieves localization of NMR signal with a single gradient pulse.
Steinbeck and Chmelka 24 showed that Hadamard-encoded heteronuclearresolved NMR diffusion and relaxation measurements allow overlapping signal decays to be resolved with substantially shorter measuring times than are generally associated with 2D heteronuclear cross-correlation experiments. Overall measuring time requirements can be reduced by approximately an order of magnitude, compared to typical 2D heteronuclear single-quantum correlation-resolved diffusion or relaxation measurements. Specifically, in cases where chemical shift correlation information provides enhanced spectral resolution, the use of Hadamard encoding can be used to overcome uniqueness challenges that are associated with the analysis of concurrent dynamic processes and the extraction of time constants from overlapping exponential signal decays. This leads to substantially improved resolution of similar time constants than can be achieved solely through the use of postacquisition processing techniques. Hadamard-based pulse sequences have been used to determine 1H- 13 C-resolved diffusion coefficients and spin-relaxation time constants for the chemically similar components of an aqueous solution of ethanol, glycerol and poly(ethylene glycol), and a dye-containing block-copolymer solution, which exhibit significant spectral overlap in their 1 H NMR spectra. To reliably measure NMR relaxation properties of macromolecules is a prerequisite for precise experiments that identify subtle variations in relaxation rates, as required for the determination of rotational diffusion anisotropy, CSA tensor determination, advanced motional modelling or entropy difference estimations. An underlying problem with current NMR relaxation measurement protocols is maintaining constant sample temperature throughout the execution of the relaxation series especially when rapid data acquisition is required. Armstrong and Bendiak 25 reported four-dimensional nuclear magnetic resonance spectroscopy of oligosaccharides that correlates 1 H-1 H ROESY cross peaks to two additional 13 C frequency dimensions. The 13 C frequencies were introduced by derivatization of all free hydroxyl groups with doubly 13 C-labeled acetyl isotags. Pulse sequences were optimized for processing with the filter diagonalization method. The extensive overlap typically observed in 2D ROESY 1 H-1 H planes was alleviated by resolution of ROESY cross peaks in the two added dimensions associated with the carbon frequencies of the isotags.
Experimental aspects
The spin-lattice relaxation dispersion may be probed in the laboratory frame through field-cycling NMR relaxometry. The experiment, as usually done, has the basic weakness that the low frequency end of the measured dispersion can be blurred by the presence of local fields. An understanding of the nature of such local fields was found to be essential to the interpretation of the dispersion profile. Perlo and Anoardo 26 made an attempt to determine the extent to which specific information can be obtained from a rotating frame experiment. The technique consists in the study of the NMR signal dispersion at a fixed spin-lock time, as a function of the radio frequency field intensity. Within this scheme, a strong dispersion can be attributed to the presence of a non-zero magnetic field component along the laboratory-frame Zeeman-axis in the rotating-frame. At on-resonance condition, this component is exclusively due to the presence of local fields as projected on that axis. Mananga et al. 27 presented a phase cycling scheme for suppressing spectral artifacts introduced in quadrupolar echo spectroscopy of spin-1 nuclei due to finite pulse width effects. The phase cycling scheme is developed using the formalism of average Hamiltonian theory and fictitious spin-1 operators. A simulation and experiment on deuterated polyethelene is performed highlighting the spectral artifact introduced by finite pulse widths and successful removal with the proposed phase cycling scheme.
Yushmanov and Furo 28 presented a simple stopped-flow design for rapid mixing of two liquids within the NMR probe. The device uses no switches or relays but exploits instead the torque exerted by the magnetic field on a current-leading-coil to open and close the start and stop valves. Presaturation utilizing relaxation gradients and echoes is an extremely easy and effective approach to solvent suppression in solution state nuclear magnetic resonance spectroscopy. The experiment produces flat baselines, excellent phase properties, and highly selective suppression that betters that of commonly used sequences. Furthermore, the only parameter that needs adjusting is the presaturation power, making it easy to implement even for non spectroscopists. Simpson optimize the efficiency of commonly used pulse sequences in multiple resonance liquid-state biomolecular NMR. In favourable cases the required minimum number of scans can be reduced by more than NIX as compared to a corresponding sequence with nested phase cycles. Since cogwheel phase cycling procedures can be designed for a range of scan numbers and can be combined with pulsed field gradients, the total experiment time can be adjusted closely to the required signal-to-noise ratio with minimal overhead. Examples are shown for 3D-TROSY-HNCO, 3D-TROSY-HNCACO, and 3D-HACACO experiments on diamagnetic and paramagnetic proteins.
Yushmanov and Furo 31 described the design and performance of a simple probe insert for temperature-jump experiments in conventional NMR probes. The insert uses the output from conventional NMR amplifiers for heating conductive aqueous samples with a rate of 30-80 K/s for 200 W r.f. power. The observed dependence of the heating rate on sample conductivity is explained by the dominance of dielectric heating. Factors governing the temperature gradient within the sample are discussed.
Miloushev and Palmer 32 obtained analytic expressions for the nuclear magnetic spin relaxation rate constant for magnetization spin-locked in the rotating reference frame under an applied radiofrequency field, R 1r , for two-site chemical exchange. The theoretical approach is motivated by Laguerre's method. The general formula for R 1r obtained by this approach is substantially simpler than existing expressions and is equally or slightly more accurate, in most cases. NMR microscopy is usually achieved at ultra-high-static magnetic field with the use of home-built coils adapted to the size of the sample. In that way, well-resolved images can be obtained with voxel size smaller than 50 mm. Miraux et al. 33 showed that high-resolution imaging can be realized at lower field strength (4.7 Tesla) using 5-and 10-mm probes initially dedicated to vertical magnets. These coils are easily adaptable to horizontal imaging systems. Excellent quality and filling factors permitted isotropic resolutions (450 mm) on a biomaterial and on mouse femoris. This study also demonstrates that spoiled-gradient echo sequence (FLASH) with low reception bandwidth or with the use of gadolinium are particularly effective for 3D MR microscopy.
In comparison with most analytical chemistry techniques, nuclear magnetic resonance has an intrinsically low sensitivity, and many potential applications are therefore precluded by the limited available quantity of certain types of sample. In recent years, there has been a trend, both commercial and academic, towards miniaturization of the receiver coil in order to increase the mass sensitivity of NMR measurements. These small coils have also proved very useful in coupling NMR detection with commonly used microseparation techniques. A further development enabled by small detectors is parallel data acquisition from many samples simultaneously, made possible by incorporating multiple receiver coils into a single NMR probehead. Webb 34 reviewed recent developments and applications of ''microcoil'' NMR spectroscopy.
Relaxation in coupled spin systems
A product operator matrix to describe scalar couplings in liquid NMR is proposed by Cai et al. 35 Combination of the product operator matrix and non-linear Bloch equations is employed to describe effects of chemical shift, translational diffusion, dipolar field, radiation damping, and relaxation in multiple spin systems with both scalar and dipolar couplings. A new simulation algorithm based on this approach is used to simulate NMR signals from dipolar field effects in the presence of scalar couplings. Several typical coupled spin systems with both intra-molecular scalar couplings and inter-molecular dipolar couplings are simulated. Monte Carlo methods are incorporated into simulations as well to analyze diffusion process in these complicated spin systems. The simulated results of diffusion and relaxation parameters and 2D NMR spectra are coincident with the experimental measurements, and agree with theoretical predictions as well. The simulation algorithm presented herein therefore provides a convenient means for designing pulse sequences and quantifying experimental results in complex coupled spin systems. Carvetta and Levitt 36 demonstrated the existence of exceptionally long-lived nuclear spin states in solution-state nuclear magnetic resonance. The lifetime of nuclear spin singlet states in systems containing coupled pairs of spins-1/2 may exceed the conventional relaxation time constant T 1 by more than an order of magnitude. These long lifetimes may be observed if the long-lived singlet states are prevented from mixing with rapidly relaxing triplet states. The authors now provide the detailed theory of an experiment which uses magnetic field cycling to observe slow singlet relaxation. An approximate expression is given for the magnetic field dependence of the singlet relaxation rate constant, using a model of intramolecular dipole-dipole couplings and fluctuating external random fields.
Nielsen and Robinson 37 used spherical tensor operators to simplify the relaxation terms of the Redfield equation. A method for treating relaxation is developed using trace-normalized spherical tensor operators. The Redfield equation is recast as a set of coupled linear differential equations for the expectation values of a complete set of spherical tensor operators. A single spin-1/2 particle is treated, and the correspondence of the equation of motion with the Bloch equation is demonstrated. The advantage of the spherical tensor approach is that both the coherent and relaxation terms of the equation of motion are written as matrices that operate on a common vector consisting of the expectation values of spin variables. Wu et al. 38 studied concerted double proton transfer in the hydrogen bonds of a carboxylic acid dimer by using 13 C field-cycling NMR relaxometry. Heteronuclear 13 C-1 H dipolar interactions dominate the 13 C spin-lattice relaxation which is significantly influenced by the polarisation state of the 1 H Zeeman reservoir. The authors studied the methodology of field-cycling experiments for such heteronuclear spin-coupled systems experimentally and theoretically, including an investigation of various saturation-recovery and polarisation-recovery pulse sequence schemes. Kover et al. 39 presented a modified CPMG-HSQMBC experiment which is capable to reduce the detrimental phase twists in the ''long range'' connectivity multiplets caused by proton-proton couplings. The authors demonstrated that concerted CPMG pulse trains applied on both nuclei in the starting CPMG-INEPT transfer step can considerably be improved by composite p pulses that compensate for pulse imperfections and off-resonance effects. Experimental optimization of the interpulse delay within the CPMG cycle was found to be crucial in order to achieve the best possible ''decoupling'' of homonuclear coupling modulation. Neves et al. 40 explored the limits of polarization transfer efficiency for systems consisting of three isotropically coupled spins 1/2 in the absence of relaxation. An idealized free evolution and control Hamiltonian is studied, which provides an upper limit of transfer efficiency (in terms of transfer amplitude and transfer time) for realistic homonuclear spin systems with arbitrary Heisenberg-type coupling constants. It is shown that optimal control based pulse sequences have significantly improved transfer efficiencies compared to conventional transfer schemes.
Dipolar couplings and distance information
In NMR applications for structural characterization of proteins and nucleic acids, nuclear spin relaxation is a critical factor for optimising the set-up of the NMR experiments, 41, 42 provides key data for de novo structure determination, 43 and can provide a wealth of information on global and intramolecular molecular motions that may be crucial for macromolecules to adapt their structures to particular functions. [43] [44] [45] [46] [47] [48] [49] [50] [51] Since most of the 'classic' treatments of relaxation theory were written before the advent of high polarizing magnetic fields and the availability of isotope-labelled macromolecules, long-established facets of the theory have again and again led to novel structural biology applications. Examples include the fundamental role of proton-proton homonuclear Overhauser effects (NOE) in studies of macromolecular structures, 43, 52, 53 the introduction of TROSY (transverse relaxation-optimised spectroscopy) and CRINEPT (cross-correlated relaxationenhanced polarization transfer) for studies of large molecular and supramolecular structures, 46, [54] [55] [56] [57] and the observation of residual dipole-dipole couplings at high polarizing magnetic fields. [58] [59] [60] Luginbu¨hl and Wu¨thrich 61 discussed selected aspects of semi-classical relaxation theory that are considered to be of central interest for practical applications in macromolecular solution NMR.
Nuclear spin relaxation provides useful information related to the dynamics of molecular systems. When relaxation is driven by intermolecular dipolar interactions, the relevant spectral density functions (SDFs) also have significant contributions, in principle, from distant spins all over the dynamic range typically probed by NMR experiments such as NOESY. Frezzato et al. 62 investigate the intermolecular dipolar spin relaxation as driven by the relative diffusion of solvent and solute molecules taking place under a central force field and we examine the relevant implications for (preferential) solvation studies. For this purpose, the authors evaluate the SDFs by employing a numerical approach based on spatial discretization of the timepropagation equation, and they supply an analytical solution for the simplest case of a steplike mean-field potential. Several situations related to different solutesolvent pair correlation functions are examined in terms of static/dynamic effects and relaxation modes and some conclusions are drawn about the interpretation of NOE measurements. While the authors confirm previous results concerning the spoiling effect of long-range spins, 63 they also show that SDFs are sufficiently sensitive to pair correlation functions that useful, yet rather complicated, inferences can be made on the nature of the solvation shell.
The presence of long-range dipolar fields in liquids is known to introduce a nonlinear term in the Bloch-Torrey equations which is responsible for many interesting effects in nuclear magnetic resonance as well as in magnetic resonance imaging. Barros et al. 64 show for the first time, that the diffusion coefficient D and the spinspin relaxation time T 2 can be obtained simultaneously from the time evolution profile of the long-range dipolar field refocused signal. In a COSY Revamped by Z-asymmetric Echo Detection sequence, the analytical first-order approximation solution of the Bloch-Torrey equations modified to include the effect of the distant dipolar field is used to demonstrate the technique in an experiment using doped water.
Meriles and Dong 65 report the indirect detection of the magnetization of one spin species via the NMR signal of a second species. Their method relies on the control of long-range dipolar fields between two separate objects, in this case, a water droplet (sensor) immersed in a tube containing mineral oil (sample). Unlike prior experiments, no gradient pulses are used; rather, the setup geometry is exploited to select the part of the sample to be probed and modulate the spin alignment in the sensor. The results are discussed in the context of Dipolar Field Microscopy, a proposed strategy in which the detector is a hyperpolarized tip.
Exchange spectroscopy
High-resolution solution NMR experiments are extremely useful to characterize the location and the dynamics of hydrating water molecules at atomic resolution. However, these methods are severely limited by undesired incoherent transfer pathways such as those arising from exchange-relayed intra-molecular-cross-relaxation. Huang and Melacini 66 reviewed several complementary exchange network editing methods that can be used in conjunction with other types of NMR hydration experiments such as magnetic relaxation dispersion. They also discuss several recent contributions illustrating how the original solution hydration NMR pulse sequence architecture has inspired new approaches to map other types of non-covalent interactions going well beyond the initial scope of hydration. Sorce et al. 67 considered the problem of the relaxation of identical spins 1/2 induced by chemical exchange between spins with different chemical shifts in the presence of timedependent r.f. irradiation (in the first rotating frame) for the fast exchange regime. The solution for the time evolution under the chemical exchange Hamiltonian in the tilted doubly rotating frame (TDRF) is presented. The authors specified detailed derivation to the case of a two-site chemical exchange system with complete randomization between jumps of the exchanging spins. The derived theory can be applied to describe the modulation of the chemical exchange relaxation rate constants when using a train of adiabatic pulses, such as the hyperbolic secant pulse. Theory presented is valid for quantification of the exchange-induced timedependent rotating frame longitudinal T 1r , T ex and transverse T 1r , T ex relaxations in the fast chemical exchange regime.
Oregioni et al. 68 considered the use of adiabatic half-passage pulses (AHP) for the uniform excitation of highly non-equilibrium spin-systems such as spin-exchange optically pumped (SEOP) 129 Xe. The method simplifies a number of problems that are encountered for these systems, notably the non-renewable nature of the magnetization, the need for accurate pulse calibration and the influence of radiation damping. Plummer et al. 69 used PFG-NMR to study the chemical exchange of poly(2-hydroxyethyl methacrylate) having a range of molecular weights with water in DMSO containing varying quantities of water. The aim was to investigate the use of PFG-NMR to study chemical exchange between a polymer with exchangeable protons and a small fast diffusing molecule to provide insight into the conformation adopted by a polymer in solution. Perrin et al. 70 investigated the dynamic behavior of water within two types of ionomer membranes, Nafion and sulfonated polyimide, by field-cycling nuclear magnetic relaxation. This technique, applied to materials prepared at different hydration levels, allows the proton motion on a time scale of microseconds to be probed. The NMR longitudinal relaxation rate R 1 measured over three decades of Larmor angular frequencies is particularly sensitive to the host-water interactions and thus well-suited to study fluid dynamics in restricted geometries.
Radiation damping
Radiation damping arises from the field induced in the receiver coil by large bulk magnetization and tends to selectively drive this magnetization back to equilibrium much faster than relaxation processes. The demand for increased sensitivity in masslimited samples has led to the development of microcoil NMR probes that are capable of obtaining high quality NMR spectra with small sample volumes. Microcoil probes are optimized to increase sensitivity by increasing either the sample-to-coil ratio (filling factor) of the probe or quality factor of the detection coil. Though radiation damping effects have been studied in standard NMR probes, these effects have not been measured in the microcoil probes. Krishnan 71 presented a systematic evaluation of radiation damping effects in a microcoil NMR probe. The results are compared with similar measurements in conventional large volume samples. These results show that radiation-damping effects in microcoil probe is much more pronounced than in 5 mm probes, and that it is critically important to optimize NMR experiments to minimize these effects. Datta et al. 72 investigated the dynamics under the joint action of radiation damping and the distant dipolar field in high-field solution magnetic resonance. Different dynamical regimes during the evolution are identified and their individual features are discussed. In the steady state, the dynamics can be associated with a strange attractor in phase space on which the motion is chaotic. The possibility of the observed chaotic motion being spatiotemporal is examined.
Water suppression by selective preirradiation is increasingly difficult to achieve on probeheads with high quality factor because of the opposing forces of radiation damping. Wu and Otting 73 showed that a simple scheme provides reliable water suppression in aqueous solutions of proteins and peptides with minimal saturation of the H a protons. The scheme is shown to work also with dilute peptide solutions. The new water-suppression scheme suppresses the water magnetization by spatial scrambling. Traditional water suppression by preirradiation is similarly based more on water scrambling due to the radiofrequency inhomogeneity than on relaxation effects.
Quadrupolar interactions
Oxygen-17 is the only stable oxygen isotope that can be detected by NMR. The quadrupolar moment of 17 O spin (I = 5/2) can interact with local electric field gradients, resulting in extremely short T 1 and T 2 relaxation times which are in the range of several milliseconds. One unique NMR property of 17 O spin is the independence of 17 O relaxation times on the magnetic field strength and this makes it possible to achieve a large sensitivity gain for in vivo 17 O NMR applications at high fields. Zhu et al. 74 reported in vivo 17 O NMR approaches for studies at high field. Latosinska 75 gave an overview of the NQR capabilities in the search for a correlation between electronic structure and biological activity of certain compounds, mainly drugs. A correlation between the parameters characterising biological activity and the NQR spectral parameters describing chemical properties of a given compound, permits drawing conclusions on biological effectiveness of compounds from a certain group. The quadrupole coupling constants, which are very well correlated with atomic charges, can be treated as descriptors in QSAR. The information inferred from NQR study on local electron density distribution together with analysis of charge distribution, provides excellent means for determination of reactive sites and hence, can indicate possible promising directions to be followed in drugs design.
Rotational correlation times of metal ion aqua complexes can be determined from 17 O NMR relaxation rates if the quadrupole coupling constant of the bound water oxygen-17 nucleus is known. The rotational correlation time is an important parameter for the efficiency of Gd 3+ complexes as magnetic resonance imaging contrast agents. Yazyev À complex the determined quadrupole coupling parameter chi root 1 + (Z 2 /3) of 8.7 MHz is very similar to that of the liquid water (9.0 MHz). Tanase and Boada 77 analyzed the dynamics of spin 3/2 systems by using the density matrix theory of relaxation. By using the superoperator formalism, an algebraic formulation of the density matrix's evolution is obtained, in which the contributions from free relaxation and RF application are easily factored out. As an intermediate step, an exact form for the propagator of the density matrix for a spin 3/2 system, in the presence of static quadrupolar coupling, inhomogeneous static magnetic field, and relaxation is demonstrated. Using this algebraic formulation, exact expressions for the behaviour of the density matrix in the classical one-, two-and three-pulse experiments are derived. These theoretical formulas are then used to illustrate the bias introduced on the measured relaxation parameters by the presence of large spatial variations in the B 0 and B 1 fields. Antonijevic and Bodenhausen 78 proposed a set of graphical conventions called quadrapolar transfer pathways to describe a wide range of experiments designed for the study of quadrupolar nuclei with spin quantum numbers I = 1, 3/2, 2, 5/2, etc. These pathways allow one to appreciate the distinction between quadrupolar and Zeeman echoes, represent a generalization of the well-known coherence transfer pathways.
Intermolecular dipolar interaction in diamagnetic and paramagnetic solution
NMR resonance frequencies and relaxation properties of nuclear spins residing in paramagnetic transition metal complexes in solution are strongly influenced by the presence of unpaired electron spin. 79 In particular, the nuclear spin relaxation rates in paramagnetic solutions are very much higher than in the diamagnetic counterparts. In the context of nuclear spin-lattice relaxation, one commonly speaks about the paramagnetic relaxation enhancement, PRE. Strong PRE effects can also be seen for nuclear spins belonging to the solvent or to ligands that spend only a small portion of the time in the coordination sphere of the paramagnetic metal ion. The PRE effect, especially when studied as a function of the magnetic field (the nuclear magnetic relaxation dispersion, NMRD, experiment) can be an important source of information on structural as well as dynamic properties of a system, provided that an adequate theoretical model is available. The NMRD profiles are an important and commonly used tool in the characterisation of paramagnetic complexes, such as Gd(III) chelates, considered for possible applications as contrast agents for magnetic resonance imaging, MRI. 80, 81 Schaefle and Sharp 82 described four theoretical and computational approaches to analyze NMR paramagnetic relaxation enhancement (NMR-PRE). The primary objective of the theory is to describe the relationship of the NMR-PRE phenomenon to the electron spin Hamiltonian and the spin energy level structure when zero field splitting interactions are significant. Four formulations of theory are discussed: (1) spin dynamics simulation; (2) the laboratory frame ''constant H(S)'' formulation; (3) the Molecular Frame ''constant H(S)'' formulation; and (4) the z.f.s.-limit ''constant H(S)'' formulation. No single theoretical approach describes all important aspects of the relaxation mechanism in a fully satisfactory way. The authors uses the four formulations in a complementary manner to provide as complete a picture of the relaxation mechanism as possible.
Metal ion complexes provide flexible paramagnetic centers that may be used to define intermolecular contacts in a variety of solution phase environments because both the charge and electronic relaxation properties of the complex may be varied. For most complex ions, there are several proton equilibria that may change the effective charge on the complex as a function of pH which in turn affects the efficacy of application for defining the electrostatic surfaces of co-solute molecules. Diakova et al. 83 reported spectrophotometric and nuclear spin relaxation studies on aqueous solutions of chromium(III) complexes of EDTA, DTPA and bis-arnides of both.
Transferring from laboratory frame to off-resonance rotating frame for the 1 H spin can compensate the relaxivity loss for paramagnetic agents at the magnetic field strength higher than 3 Tesla and enhance water relaxation rate constant significantly. Zhang and Xie 84 described a comprehensive theory for calculating the relaxation rate constants in the off-resonance rotating frame. This theory considers the contributions from both inner shell and outer shell water. The derived relaxation rate constants and relaxation enhancement efficiency as a function of the magnetic field strength and the effective field parameters are directly correlated to the structures, dynamics and environments of paramagnetic agents. To validate the theoretical predictions, the authors have measured the relaxation enhancement efficiency for a series of macromolecule conjugated gadolinium chelates at 9.4 Tesla. The experimental results confirmed the theoretical predictions. The theory also predicts the relaxation enhancement for T-type paramagnetic agents at high magnetic fields. Promising fields of applications include situations where T 1 -or T 2 -type paramagnetic agents are used for labeling molecular/cellular events. Teng and Bryant 85 utilized the paramagnetic contribution to proton spin-lattice relaxation rate constants induced by freely diffusing charged paramagnetic centers to investigate the effect of charge on the intermolecular exploration of a protein by the small molecule. Priqueler 86 described some basic theoretical aspects of 195 Pt nuclear magnetic resonance spectroscopy and also the empirical approach used by the researchers in the field. 195 
Slow motions in glasses
Studies of slow molecular motions in supercooled and glassy systems using NMR techniques have become more popular and the number of papers increased steadily during the past few years. In particular the homogeneous versus heterogeneous scenario for the dynamics of glass-forming polymers was discussed intensively. In the heterogeneous scenario the nonexponentiality of the a-relaxation is attributed to a superposition of relaxation rates, whereas in the homogeneous scenario the nonexponentiality is intrinsic in nature. The origin of the nonexponential relaxation found in supercooled liquids has been studied extensively in the past ten years. Two possibilities exist. 87, 88 Either all the particles undergo nonexponential relaxation (homogeneous scenario), or the relaxation of each particle is exponential and there is a large variation in the relaxation time of the particles (heterogeneous scenario). There have been many simulations [89] [90] [91] [92] [93] [94] [95] [96] [97] and experiments 98-102 which imply heterogeneous relaxation. The heterogeneous relaxation scenario suggests that the particles in a supercooled liquid can be categorized by their relaxation time. The particles with the shortest relaxation times are referred to as ''fast'' particles, and the particles with the longest relaxation times are ''slow'' particles. Winterlich et al.
103 measured spinlattice and spin-spin-relaxation times, one-and two-dimensional spectra as well as two-and four-time correlation functions for the molecular crystals ortho-and metacarborane using deuteron nuclear magnetic resonance. It is found that in their noncubic phases these crystals exhibit highly anisotropic motions. In order to allow for a quantitative description of the motional geometry of the carboranes several stochastic models are formulated. By comparison of the model calculations with the experimental results it is found that the dynamics of these quasi-icosahedrally shaped molecules is governed by a composite reorientation process.
Somma et al. 104 investigated orientation molecular dynamics in a series of ''defectfree'' oligofluorenes by depolarized dynamic light scattering and dynamic NMR spectroscopy. Typical liquid crystalline pretransitional dynamics were observed upon cooling the isotropic phase to the liquid crystalline phase with strong increase of the scattered intensity and slowing down of the characteristic time of the probed collective relaxation. Kiczenski et al. 105 examined the variation of the structure of E-glass with fictive temperature with high resolution, multinuclear ( 11 B, 27 Al, 29 Si, 17 O and 19 F) MAS NMR. The previously observed decrease in 4-coordinated boron with increasing fictive temperature is confirmed and, for the first time, is directly correlated with an increase in non-bridging oxygens. An increase in 5-coordinated Al is also observed. Blinc et al. 106 studied the proton motion in bulk and highly drawn fiber polyamide-6 by field cycling relaxometry and proton line shape measurements. The dips in the T, dispersion allowed for the determination of the nitrogen-14 quadrupole coupling tensor. A striking difference in the main line width transition and the low-frequency molecular dynamics has been observed between a slowly cooled ''bulk'' polyamide-6 sample and a rapidly cooled and highly drawn ''fiber'' sample by wide line proton nuclear magnetic resonance line shape and spin-lattice relaxation time measurements.
Ramanuja et al. 
H NMR were used, respectively, at 600 and 92 MHz. At 30 1C, the hydrodynamic radius obtained from the D value and solvent viscosity is 5.09, 7.07 and 6.17 Å , respectively, in 1-octanol, chloroform, and cyclohexane when the impurity water is negligible. The aggregate structure is confirmed by comparing NOESY spectra in chloroform and 1-octanol. The NOESY analysis reveals the presence of one extra cross peak (C 4 -C 19 ) in chloroform compared to 1-octanol.
Models for molecular dynamics
The liquid state of matter is of great importance in nature and technology. Almost all reactions in biological and chemical systems proceed in solution or liquid like environments. Therefore, it is of interest to develop further the existing models and theories for describing the molecular structure and dynamics of liquids. These models and theories should mediate a better understanding, for example, of the arrangement of the molecules relative to each other or of the dynamic behaviour of the molecules and thus of the route of chemical reactions in liquid systems. In recent years NMR spectroscopy has proven extremely useful for the study of macromolecular dynamics. Relaxation rate measurements have opened new avenues to the understanding of internal motions in macromolecules. Thus, measurements of T 1 and T 2 relaxation times as well as heteronuclear Overhauser effects, rotating frame relaxation, and cross-correlated relaxation experiments have generated a wealth of data for the study of molecular motions, requiring sophisticated models to interpret them. Halle 109 presented a molecular theory for the field-dependent spin-lattice relaxation time of water in tissue. The theory attributes the large relaxation enhancement observed at low frequencies to intermediary protons in labile groups or internal water molecules that act as relaxation sinks for the bulk water protons. Exchange of intermediary protons not only transfers magnetization to bulk water protons, it also drives relaxation by a mechanism of exchange-mediated orientational randomization (EMOR). An analytical expression for T, is derived that remains valid outside the motional-narrowing regime. Cross-relaxation between intermediary protons and polymer protons plays an important role, whereas spin diffusion among polymer protons can be neglected. For sufficiently slow exchange, the dispersion midpoint is determined by the local dipolar field rather than by molecular motions, which makes the dispersion frequency insensitive to temperature and system composition. The EMOR model differs fundamentally from previous models that identify collective polymer vibrations or hydration water dynamics as the molecular motion responsible for spin relaxation. Unlike previous models, the EMOR model accounts quantitatively for 1 H magnetic relaxation dispersion (MRD) profiles from tissue model systems without invoking unrealistic parameter values. Chavez and Halle 110 demonstrated that the EMOR model accounts for the dependence of the water-H spin-lattice relaxation rate on resonance frequency over more than four decades and on pH. The parameter values deduced from analysis of the 1 H MRD data are consistent with values derived from 2 H MRD profiles from the same gels and with small-molecule reference data. This agreement indicates that the water-1 H relaxation dispersion in aqueous biopolymer gels is produced directly by exchange-mediated orientational randomization of internal water molecules or labile biopolymer protons, with little or no role played by collective biopolymer vibrations or coherent spin diffusion. This ubiquitous mechanism is proposed to be the principal source of water-1 H spin-lattice relaxation at low magnetic fields in all aqueous systems with rotationally immobile biopolymers, including biological tissue. The same mechanism also contributes to transverse and rotating-frame relaxation and magnetization transfer at high fields.
Molecular dynamics (MD) simulations are a convenient tool to follow molecular motion in realistic pure systems and mixtures in detail. Therefore, these simulations are frequently used as a basis for designing models describing diffusion. [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] When developing a model describing intra-diffusion in mixtures based on MD simulations usually a rather large number of simulated conditions is necessary, where the term condition refers to thermodynamic conditions and molecular parameters as well. In the literature such data are unfortunately only scarcely available with all information required. Also the conditions found have been chosen by the authors to give information on the specific questions to be answered in these publications. Thus, the conditions are rarely chosen, such as to give maximum information on parameters of diffusion models. If simulations are usually chosen as basis for parameter estimation the conditions are distributed arbitrarily in a region as large as possible while physically feasible. Since MD simulations are rather time consuming, it is desirable to reduce the number of simulations as much as possible while not sacrificing significance of parameters determined. Based on this model Merzliak et al. 127 presented an improved set of coefficients obtained from optimized molecular dynamics simulations. In these simulations, the thermodynamic states were planned with the help of optimal experimental design, which allows to reduce the number of simulations necessary for significant determination of the coefficients by roughly a decade. The model was then applied to the real liquid mixtures toluene/cyclohexane, toluene/1,4-dioxane, n-hexane/toluene, 1,4-dioxane/cyclohexane and cyclohexane/ n-hexane, which have molecular properties that correspond to the model assumptions. Experimental intra-diffusion coefficients for these mixtures were determined with nuclear magnetic resonance (NMR) techniques. Even without additional parameters for the mixture the proposed model can describe the diffusion coefficients with an average accuracy of 5%.
Grivet 128 studied NMR relaxation parameters of Lennard-Jones fluids from molecular-dynamics simulation. The measured correlation functions were compared with theoretical expressions derived by Ayant 129 and by Hwang and Freed. 130 Grivet showed that, in order to recover the long-time behaviour characteristic of diffusion-controlled relaxation processes, the simulation must comprise at least 10 000 particles. By fitting the simulation results to the Hwang-Freed function, independent values of the diffusion coefficient were obtained, similar but not identical to those computed using the Green-Kubo formalism. The spectral densities of the dipole-dipole interaction were computed as Fourier transforms of the correlation functions. These quantities are less sensitive to model imperfections and reproduce quite well the values derived from theory. The dimensionless spinlattice and spin-spin relaxation rates were derived from the spectral densities. It was shown that the spin-lattice (longitudinal) relaxation rate goes through a maximum as the temperature increases, while the spin-spin (transverse) rate decreases monotonously. Estimating the amplitudes and decay rate constants of exponentially decaying signals is an important problem in NMR. Understanding how the uncertainty in the parameter estimates depends on the data acquisition parameters and on the ''true'' but unknown values of the exponential signal parameters is an important step in designing experiments and determining the amount and quality of the data that must be gathered to make good parameter estimates. Bretthorst 131 applied Bayesian probability theory to this problem. Data modelled as sums of exponentials arise in many areas of science and are common in NMR. However, exponential parameter estimation is fundamentally a difficult problem. Bretthorst et al. 132 used Bayesian probability theory to obtain optimal exponential parameter estimates. The calculations are implemented using Markov chain Monte Carlo with simulated annealing to draw samples from the joint posterior probability for all of the parameters appearing in the exponential model. Monte Carlo integration is then used to approximate the marginal posterior probabilities for each of the parameters. The authors give numerical examples taken from simulated data and NMR relaxation experiments to illustrate the calculations and the effect of prior information on the parameter estimates.
Selected applications of nuclear spin relaxation 3.1 Pure liquids
Singh and Mehrotra 133 reported the experimental values of NMR spin-lattice relaxation time T 1 and mutual viscosity of p-nitrotoluene, alpha-chlorotoluene, o-toluidine, m-toluidine and p-toluidine. The experimental values of NMR spinlattice relaxation time T 1 and dielectric relaxation time have been correlated with calculated values obtained using various equations of dielectric relaxation time. Singh et al. 134 report NMR spin-lattice relaxation times and dielectric relaxation times of alpha-naphthol, beta-naphthol, o-aminophenol, benzyl alcohol, phenol, pyrogallol, catechol and the experimental values of mutual viscosity of o-aminophenol, m-aminophenol and p-aminophenol.
Using a combination of density functional calculations of molecular clusters with a quantum cluster equilibrium (QCE) model Ludwig 135 showed that liquid methanol is dominated by cyclic and/or lasso structures. Only cluster populations including these structures fit the measured thermodynamic and spectroscopic properties, such as heat of vaporization, heat capacity, NMR chemical shifts, and quadrupole coupling constants. On the other hand, cluster populations comprising open-chain structures fail to reach the experimental values. Korb 136 shows that the measurement of nuclear spin-lattice relaxation rates 1/T 1 as a function of magnetic field strength or nuclear Larmor frequency allows to probe directly the microdynamics of liquids in confinement. This method was applied to characterize the diffusion of various aprotic liquids as well as water at the surface of nanopores in calibrated systems.
Non-electrolyte solutions
The structure and dynamics of hydrogen-bonded complexes of H 2 O/D 2 O and dimethyl sulfoxide (DMSO) have been studied by Wulf and Ludwig 137 using infrared spectroscopy, NMR spectroscopy and ab initio calculations. NMR deuteron relaxation rates and calculated deuteron quadrupole coupling constants yield rotational correlation times of water. The molecular reorientation of water monomers in DMSO is two-and-a-half times slower than in bulk water. This result can be explained by local structure behavior. Perrin et al. 138 investigated the dynamic behaviour of water within two types of ionomer membranes, Nafion and sulfonated polyimide, by field-cycling nuclear magnetic relaxation. This technique, applied to materials prepared at different hydration levels, allows the proton motion on a time scale of microseconds to be probed. The NMR longitudinal relaxation rate R 1 measured over three decades of Larmor angular frequencies omega is particularly sensitive to the host-water interactions and thus well-suited to study fluid dynamics in restricted geometries. Kassab et al. 139 present the magnetic-field dependence of the proton and deuteron spin-lattice relaxation rate of water confined in reverse micelles. After a plateau at very low fields, R, decreases as a power law when the Larmor frequency increases. These typical relaxation features have been interpreted according to a model of molecular reorientations coupled with translational diffusion in spherical confinement. A numerical simulation of Brownian dynamics of water molecules confined in a sphere is proposed to support this model.
Yamaguchi et al. 140 calculated the dynamic properties of both the solute and solvent of the aqueous solution of benzene, xenon and neon by the mode-coupling theory for molecular liquids based on the interaction-site model. The B-coefficients of the reorientational relaxation and the translational diffusion of the solvent are evaluated from their dependence on the concentration of the solute and the reorientational relaxation time of water within the hydration shell is estimated based on the two-state model. The reorientational relaxation times of water in the bulk and within the hydration shell, that of solute and the translational diffusion coefficients of solute and solvent, are calculated at 30 1C. The temperature dependence of these dynamic properties is in qualitative agreement with that of NMR experiment reported by Nakahara et al., 141 although the agreement of the absolute values is not so good. The B-coefficients of the reorientational relaxation times for benzene, xenon and neon solution are correlated with the hydration number and the partial molar volume of the solute. Erdem and Michel 142 applied proton spin relaxation to study the dynamics of ethylene glycol (EG) adsorbed in NaX, EG/NaX. The molecular mobility strongly depends on the pore filling factor which may be controlled by high-resolution 1 H MAS NMR measurements. Although EG in bulk shows a Vogel-Fulcher-Tammann type of activation, temperature dependent relaxation rate measurements for the EG/NaX systems always follow an Arrhenius plot, independent of the loading degree. There is no hint to a glass-forming behaviour of EG/NaX which could be understood in terms of the strong influence of surface-molecule interactions playing a dominant role compared to the molecule-molecule interactions. Madhurima et al. 143 compared dielectric relaxation and NMR spin-lattice relaxation times of hydrogen-bonded binary systems. Sanna et al. 144 investigated the aggregation properties of two classes of aromatic and hydrophobic compounds, namely chloroacetamides and ethyl 3-phenyl-2-nitropropionates, in moderately concentrated aqueous solution. The identification of all species present in solution under specific experimental conditions was performed by 1D and 2D NMR, pulsed gradient spin-echo NMR, and dynamic light scattering techniques. Some physical-chemical properties of the aqueous solutions were also determined. Both classes of compounds behave quite similarly: in solution, three distinct species, namely a monomeric species, small and mobile aggregates and large and stiff aggregates, are observed.
Sinibaldi et al. 145 investigated two binary aqueous mixtures which contain the small amphiphilic molecules TMAO (trimethylamine-N-oxide) and TBA (tert-butyl alcohol) by molecular dynamics simulations and NMR chemical shift and selfdiffusion measurements. Langer and Mayer 146 measured 31 P-NMR spectra on aqueous solutions and gels of phosphorylated polyvinyl alcohol in absence and in presence of dispersed magnetic nanoparticles. In this system, the rotational diffusion is still rapid enough for a sufficient averaging of the CSA tensor of the 31 P nucleus. At the same time, the lateral diffusion of the 31 P nuclei is significantly reduced.
Electrolyte solutions
Pavlova and Chizhik 147 established peculiarities of quadrupolar relaxation in electrolyte solutions via comparison of the data obtained from proton and deuteron resonances. It has been shown that quadrupole coupling constants (QCC) of deuterons depend not only on internal electron structure of molecule or ion, but on solution structure as well. To interpret the experimental results quantumchemical calculations of QCC of deuterons in different molecular complexes simulating different solution substructures were carried out. Hayamizu 148 studied polyethylene oxide (PEO) electrolytes doped with lithium salts by the multi-nuclear NMR methods for the glymes of the small molecular weights and the cross-linked solid polymers. The segmental motions of the PEO chain and the lithium hopping motions were analyzed from the spin-lattice relaxation times T 1 of the 1 H and 7 Li NMR. The diffusion phenomena were measured by the pulsed-gradient spin-echo (PGSE) NMR method for the individual components by 1 H, 7 Li and 19 F NMR (anions). When the solvents are liquids, all the components diffuse almost freely in the large temperature range.
Silbs and Furo 149 discussed the current status of electrophoretic NMR and its applications in the fields of colloid and surfactant science. Kushnarev et al. 150 studied water clusters of Na + , K + and NH 4 + ions with Cl À and I À counterions are studied using 17 O NMR spectroscopy. It was found that, in the range of electrolyte concentrations 0.001-5 mol/l, the concentration dependence of the spin-spin relaxation time of oxygen nuclei in water molecules varies widely, depending on the nature of the cation. The influence of the electrolyte concentration on the chemical shifts and relaxation times of 17 O nuclei is analyzed. 152 present solvent signal suppression based on diffusionordered NMR spectroscopy (DOSY). In contrast to the well established usage of DOSY to filter water resonances from biological systems, the authors filtered out the slower moving molecules. This method allows in many cases for the complete removal of the solvent signals from 1 H spectra of solutes and may become a useful tool for in situ studies of reactions performed in ILs.
Ionic liquids and molten salts
Anthony et al. 153 applied a new method of obtaining molecular reorientational dynamics from 13 C spin-lattice relaxation data of aromatic carbons in viscous solutions to 13 C relaxation data of the ionic liquid, 1-methyl-3-nonylimidazolium hexafluorophosphate ([MNIM]PF 6 ). spin-lattice relaxation times are used to determine pseudorotational correlation times for the [MNIM]PF 6 ionic liquid. Pseudorotational correlation times are used to calculate corrected maximum NOE factors from a combined isotropic dipolar and nuclear Overhauser effect (NOE) equation.
Nama et al. 6 ], respectively. The self-diffusion coefficients of the cation (D-cation) and anion (D-anion) species in the ionic liquids were independently determined. Based on these experimental results, the effects of alkyl side chain on transport properties in 1-alkyl-3-methylimidazolium hexafluorophosphates were discussed in terms of interionic interactions. Heimer et al. 160 applied a new method for obtaining molecular reorientational dynamics from 13 C spin-lattice relaxation data of aromatic carbons in viscous solutions is applied to 13 C relaxation data of both the cation and anion in the ionic liquid, 1-ethyl-3-methylimidazolium butanesulfonate ([EMIM]BSO 3 ). 13 C pseudorotational correlation times are used to calculate corrected maximum NOE factors from a combined isotropic dipolar and nuclear Overhauser effect (NOE) equation. These corrected maximum NOE factors are then used to determine the dipolar relaxation rate part of the total relaxation rate for each aromatic 13 4 ] and acetone with different proportions. The results indicated that the interaction between the protons of the ring, the methyl and methylene next to the nitrogen of ionic liquids and the carbonyl oxygen of acetone weakened the strong interaction between the cation and anion of the ionic liquid, thus increased the motion and decreased the viscosity of the ionic liquid.
Nuclear spin relaxation in gases
Gas-phase NMR has great potential as a probe for a variety of interesting physical and biomedical problems that are not amenable to study by water or similar liquid. However, NMR of gases was largely neglected due to the low signal obtained from the thermally polarized gases with very low sample density. The advent pf optical pumping techniques for enhancing polarization of the noble gas 3 He and 129 Xe has bought new life in this field, especially in medical imaging where 3 He lung inhalation imaging is approaching a clinical application. However, there are numerous applications in materials science that also benefit from the uses of these gases. While MRI at very low magnetic fields has certain potential advantages, it may also face problems that are not typical for MRI at conventional and high field (0.1-10 T). Major differences arise due to the presence of concomitant components of inhomogeneous magnetic field (gradients) that are transverse to the major B z field, B 0 . These concomitant transverse field components are inevitably generated by the same gradient coils that generate desired B, imaging gradients as routinely used in MRI for spatial encoding. In the hypothetical case (linear spatial variation of B field amplitude due to the imaging gradients, no concomitant transverse field components, no B 0 and B, field inhomogeneities, etc.), Fourier transform MRI preserves the shape of the real object being examined.
In certain systems, the application of resonant optical fields may be used to enhance the nuclear spin polarization by several orders of magnitude. Such large, non-equilibrium enhancements can translate directly into dramatic improvements in NMR detection sensitivity and thus offer a variety of novel experimental possibilities. Goodson 163 described the development of optically enhanced NMR and MRI, spanning applicable systems that include noble gases, semiconductors and molecular and ionic crystals, as well as the exploitation of photo-initiated radical pairs in solution and biological solids. Realized and potential NMR applications include void-space imaging of materials and living organisms; probing structure and dynamics in proteins and inclusion complexes. Ishikawa et al. 164 measured the spin relaxation of polarized xenon atoms dissolved in deuterated ethanol. Surface relaxation was suppressed by coating the cell walls with deuterated eicosane. From the dependence of the decay rate on temperature and static magnetic field, we obtained the correlation time of random fluctuations of the local field at the liquidsolid interface. By varying the cell volume, the wall coating and the surface area of the eicosane, we measured the contribution of the spin-rotation interaction to the relaxation.
Stupic et al. 165 report the first systematic study of relaxation experienced by the hyperpolarized noble gas isotope 83 Kr (I = 9/2) in contact with surfaces. The spinlattice relaxation of 83 Kr is found to depend strongly on the chemical composition of the surfaces in the vicinity of the gas. This effect is caused by quadrupolar interactions during brief periods of surface adsorption that are the dominating source of longitudinal spin relaxation in the 83 Kr atoms. Simple model systems of closest packed glass beads with uniform but variable bead sizes are used for the relaxation measurements. The observed relaxation rates depend strongly on the chemical treatment of the glass surfaces and on the surface to volume ratio. Lung functional magnetic resonance imaging (MRI) has become a reality using different inert hyperpolarized gases, such as 3 
He and
129 Xe, which have provided an extraordinary boost in lung imaging and has also attracted interest to other chemically inert gaseous contrast agents. Ruiz-Cabello et al. 166 demonstrated the first diffusion-weighted images using thermally polarized inhaled sulfur hexafluoride (SF 6 ) in small animals. The aim of this study was to evaluate whether or not the diffusion coefficient of this fluorinated gas is sensitive to pulmonary structure, gas concentration and air pressure in the airways.
Chang and Conradi 167 report measurements of free diffusivity D and relaxation times T 1 and T 2 for pure C 2 F 6 and C 3 F 8 and their mixtures with oxygen. A simplified relaxation theory is presented and used to fit the data. The results enable spatially localized relaxation time measurements to determine the local gas concentration in lung MR images, so the free diffusivity D 0 is then known. Comparison of the measured diffusion to D 0 will express the extent of diffusion restriction and allow the local surface-to-volume ratio to be found. Kuethe et al. 168 studied the physics of spin-rotation interaction in roughly spherical perfluorinated gas molecules. Given a pressure, temperature and mixture composition, they could calculate T 1 for common laboratory conditions with a known accuracy, typically 0.5%. The model's formulaic structure is likely to apply to even broader ranges of physical conditions and to other gases that relax by spin-rotation interaction.
Ter Horst et al. 169 measured spin-lattice relaxation times for the deuterons in CD 4 in pure gas and in mixtures with the following buffer gases: Ar, Kr, Xe, HCl, N 2 , CO, CO 2 , CF 4 and SF 6 . Effective collision cross sections for the molecular reorientation of CD 4 in collisions with these ten molecules are obtained as a function of temperature. The authors compared these cross sections with the corresponding cross sections obtained from 1 H spin-rotation relaxation in mixtures of CH 4 with the same set of buffer gases. Various classical reorientation models typically applied in liquids predict different ratios of the reduced correlation times for the reorientation of spherical tops. Terekhov et al. 170 investigated the effects of embedding gaseous SF 6 into EPDM rubber using NMR methods. It was found that observed sorption and desorption processes follow the behaviour of the dual mode sorption model. A strong correlation was found between EPDM cross-linking and transversal relaxation time of embedded SF 6 . First experiments on probing the swelling effects in EPDM due to its contact with polar liquids have been performed. Baker and Conradi 171 described an apparatus for hydrogen NMR in an electromagnet for temperatures up to 1300 K and pressures to 55 atm. A crucial feature for studies of transition-metal hydrides and complex hydrides of light metals is the ability to add or remove hydrogen or other gases at operating conditions, enabling in situ NMR. The sample is held in a long, closed-end ceramic tube; the tube is supported against rupture by a greater external pressure of argon gas. Knagge et al. 172 monitored the substrate and field dependencies of surface SPINOE enhancements using optical pumping and magic angle spinning. Relaxation rates and enhancements were examined to gain an understanding of the parameters that determine the SPINOE enhancement. NMR of some nuclei (e.g. 1 H, 13 C, 19 F, 29 Si or 31 P, I = 1/2) gives strong signals which allow analytical studies of gaseous compounds. The other magnetic nuclei have low natural abundance or/and contain an electric quadrupole moment and their NMR signals are rather weak. Jackowski 173 presents new experimental techniques which allow the detection of small amounts of chemical compounds in gaseous matrices.
Self-diffusion in liquids 5.1 Experimental and theoretical aspects
Measurement of molecular diffusion coefficients in solution by nuclear magnetic resonance (NMR) was first introduced by Stejskal and Tanner in 1965 174 where a theoretical foundation was also laid down. Since then, this method has evolved into a number of versions for different purposes. [175] [176] [177] In particular, it was extended significantly by Johnson et al. 178, 179 to multidimensional NMR, where the diffusion coefficient serves as a new dimension of various NMR spectra to distinguish the molecules of different sizes or diffusion coefficients. Due to the non-uniform PFG and RF fields across the sample, considerable deviation may occur when comparing diffusion data obtained from different NMR instruments. Some efforts have been made to reduce the errors [180] [181] [182] and are effective under certain conditions. Zhang 183 described a new approach is described with an offset-independent adiabatic inversion pulse 184, 185 to uniformly excite a central region of the sample, where the RF field is assumed to be uniform and the PFG strength can be expressed by a linear approximation. Experimental studies of the unrestricted translational diffusion coefficient of molecules in a liquid provide information1 [186] [187] [188] about the organization of their immediate environment and a way to test the models of intermolecular forces and the theories of transport. In porous media and biological tissues, the translational diffusion coefficient is important to correlate the long-range apparent diffusion [189] [190] [191] of the molecules explored by pulsed gradient spin-echo (PGSE) NMR with their interactions with the fluid/matrix interfaces and/or macromolecules in a crowded environment. Melchior and Fries 192 proposed a simple method to measure the relative diffusion coefficient of a pair of small molecules at the nanometer scale.
Rata et al. 193 discussed a simple and fast method of measuring self-diffusion coefficients of protonated systems with a mobile single-sided NMR sensor. The NMR sensor uses a magnet geometry that generates a highly flat sensitive volume where a strong and highly uniform static magnetic field gradient is defined. Selfdiffusion coefficients were measured by Hahn-and stimulated echoes detected in the presence of the uniform magnetic field gradient of the static field. To improve the sensitivity of these experiments, a Carr-Purcell-Meiboom-Gill pulse sequence was applied after the main diffusion-encoding period. Bedet et al. 194 addressed the problem of measuring accurately and as quickly as possible a self-diffusion coefficient by the so-called pulsed gradient stimulated echo experiment or, equivalently, by using a sequence involving radio-frequency field gradients. The discussion deals with the smallest diffusion coefficient which can be measured with a reasonable accuracy, possibly taking into account the values of longitudinal and transverse relaxation times along with the nature of gradients. It is shown theoretically and experimentally that the diffusion coefficient can be measured accurately via only two experiments provided that the ratio of the signal amplitudes lies in the range 0.2-0.6. Oscillating-gradient spin echo (OGSE) diffusion experiments have long been used to measure the short-time apparent diffusion coefficient in the presence of restricted diffusion, as well as the spectrum of the slow-motion velocity autocorrelation function. Momot et al. 195 focused on two previously unexplored aspects of OGSE experiments: convection compensation and acquisition of pure-phase diffusion spectra in the presence of homonuclear scalar couplings. The authors demonstrated that convection compensation afforded by single-echo OGSE compares well with that in doubleecho convection-compensated PGSE experiments. Mohoric 196 showed that with a proper timing of p pulses, it is possible to reduce the effect of the static internal magnetic field gradient on the measurement of diffusion with the pulsed gradient spin echo (PGSE). The author introduced a pulse sequence that in the first order eliminates the effect of weak internal static gradients in a standard PGSE experiment. The method should be applied in the cases, where strong and short magnetic gradient pulses are used to investigate the motion of liquid in heterogeneous samples with large susceptibility differences such as porous media. Signal overlap in the NMR dimension significantly complicates the construction and analysis of 2D diffusion-ordered (DOSY) spectra. Such problems can often be reduced or even eliminated by extending the NMR domain of a DOSY experiment into two dimensions, giving a 3D-DOSY spectrum. To date such experiments have generally sacrificed some signal-to-noise ratio and have C required extensive and time-consuming phase cycling. Nilsson and Morris 197 introduced a new family or pulse sequences with internal diffusion encoding (IDOSY) which avoids both of these problems. It is often straightforward to incorporate convection compensation in such sequences at no cost in signal-to-noise ratio. Many practical applications of diffusion NMR, ranging from biomedical to industrial, entail the measurement of low-concentration solutes in nondeuterated, compositionally complex systems. Momot and Kuchel 198 presented examples of robust, versatile diffusion experiments that can be used with nondeuterated solvents at nonambient temperatures. Specifically, three experiments are presented in detail: CONVEX, which combines excitation-sculpting solvent suppression with doubleecho convection-compensating PGSE; DQDiff, which implements double-quantum filtered diffusion measurements in a convection-compensating mode; and applications of oscillating-gradient spin-echo (OGSE) to systems with homonuclear scalar couplings.
Lutti and Callaghan 199 demonstrated a method whereby molecular diffusion coefficients may be measured in the presence of the deformational flow field of a rheo-NMR cell. The method, which uses a repetitive CPMG train of r.f. pulses interspersed with magnetic field gradient pulses, allows the anisotropic diffusion spectrum to be directly probed. The authors focus on the cylindrical Couette cell, for which the radial, tangential and axial directions correspond to the hydrodynamic velocity gradient, velocity and vorticity directions. Antalek 200 discussed the importance of spin relaxation in quantitative pulse gradient spin echo NMR mixture analysis. Kato et al. 201 measured diffusion coefficients for various solvent molecules using the PFG-NMR method. Accurate diffusion coefficients were obtained using the Shigemi NMR tube. The relative combined standard uncertainties of the diffusion coefficients were found to be within approximately 0.4%. The three uncertainty sources (signal decay of the standard and the solvent and diffusion coefficient of standard) equally affect the combined standard uncertainties. Unreliable data were obtained using a normal NMR tube, indicating that convection and background gradient effects significantly affected the accurate measurement of the diffusion coefficients. Tillich et al. 202 introduced a new NMR method which allows within local small volumes the determination of integral structural parameters like the surface-to-pore volume ratio or the tortuosity of a fluid-filled porous medium. A combination of conventional imaging (MRI) with measurements of observation-time dependent self-diffusion (dynamic imaging) was used.
The standard method of diffusion tensor imaging (DTI) involves one diffusionsensitizing gradient direction per acquired signal. Sigmund and Song 203 described an alternative method in which the entire direction set required for calculating the diffusion tenser is captured in a few scans. In this method, a series of radiofrequency (RF) pulses are applied, resulting in a train of spin echoes. A pattern of applied magnetic field gradients between the RF pulses generates a different diffusion weighting in both magnitude and direction for each echo, resulting in a dataset sufficient to determine the tenser. This significantly reduces the time required for a full DTI scan and potentially allows a tradeoff of this time for image quality.
Selected examples
Van der Elst et al. 204 determined the self-diffusion coefficients of various lanthanum(III) diamagnetic analogues of open-chain and macrocyclic complexes of gadolinium used as MRI contrast agents were determined in dilute aqueous solutions by pulsed-field-gradient (PFG) high-resolution 1 H-NMR spectroscopy. The self-diffusion coefficient of H 2 O was obtained for the same samples to derive the relative diffusion constant, a parameter involved in the outersphere paramagnetic-relaxation mechanism. Thureau et al. 205 measured NMR diffusion and nuclear Overhauser enhancement to study the hydration properties of thymine. Thureau et al. 206 used DOSY-NMR experiments were used to characterize two structural isomers that have different shapes, but identical moss fragmentation patterns, from an organic mixture. It is shown that the spherical molecule diffuses faster than the ellipsoidal one. This distinct behaviour is tentatively explained in terms of microfriction effects from the solvent. Mayer 207 discussed experimental approaches for the application of NMR spectroscopy to dispersed nanoparticles. A general numeric approach for the analysis of the obtained data is introduced which accounts for rotational and lateral diffusion of the particles in a fluid medium. The applicability of the NMR experiments together with the numerical analysis of the resulting spectra is demonstrated on various examples which cover the particle structure, phase transitions, decomposition, pathways, molecular exchange at phase boundaries and release processes.
Shimada et al. 208 measured diffusion coefficients for separated uniform poly (ethylene glycol) oligomers in dilute solutions of deuterium oxide (D 2 O) at 30 1C, using pulsed-field gradient nuclear magnetic resonance. The measured D for each molecular weight was extrapolated to infinite dilution. Diffusion coefficients obtained at infinite dilution follow the scaling behavior of Zimm-type diffusion, even in the lower molecular weight range. The transverse relaxation rate R 2 of many biological tissues are altered by endogenous magnetized particles and may be sensitive to the pathological progression of neurodegenerative disorders associated with altered brain-iron stores. Nikolova et al. 209 validated a T 2r transverse relaxation model using Carr-Purcell-Meiboom-Gill (CPMG). Galvosas and Callaghan 210 demonstrated the use of NMR velocity imaging techniques to measure flow in a free falling jet of water at speeds up to and on the order of 1 m/s. In particular, they show how to adapt the RARE imaging method, based on a CPMG multiple r.f. pulse train, so that the real and imaginary parts of the signal may be suitably acquired, enabling pulsed gradient spin echo encoding for flow. Volkov and Volkov 211 applied pulsed field gradient nuclear magnetic resonance technique to investigate the selfdiffusion mechanism of water, alcohol molecules and Li + counterions in sulfocation exchangers with different structures of the polymeric matrix. It could be shown that in the homogeneous perfluorinated sulfocation exchange membranes the ionic and water translation motions are controlled by the hydrogen bond network forming in ionogenic channels at the high water content. At the low solvent content, the selfdiffusion coefficients of methanol and ethanol are higher than the water self-diffusion coefficients.
